Introduction
Uranium is a naturally occurring trace element, which if present in high concentrations can be of environmental health concern (Atkins et al., 2016; Sheppard et al., 2005; Sidle and Lee, 1996; Vesterbacka et al., 2005; Welch and Lico, 1998) . The distributions of naturally occurring uranium isotopes in groundwater are complex and affected by many processes, providing analogues of anthropogenic nuclide migration, information on water-rock interactions as well as potentially tracing groundwater flow (Porcelli and Swarzenski, 2003) .
In general, groundwater passing through the recharge zone where oxidising conditions prevail contains uranium mobilised in the 6+ state as uranyl ion (UO 2   2+ ). Where a change towards reducing conditions takes place, uranium concentrations rapidly decrease as uranium is deposited because the 4+ state forms relatively insoluble uranous phases (Gascoyne, 1992; Osmond and Ivanovich, 1992) . Uranium solubility can be enhanced by formation of carbonate, sulfate, chloride and other complexes, and uranium can be transported as colloids (Langmuir, 1978) . The uranium isotopes, 238 U (half-life 4.47 × 10 9 years) and 234 U (half-life 2.45 × 10 5 years), are often found to be in secular equilibrium ( 234 U/ 238 U activity ratio = 1; Cherdyntsev et al., groundwater flow paths. Where the uranium activity concentrations (or more commonly 234 U/ 238 U activity ratios) behave conservatively along groundwater flow paths variability can potentially identify inter-aquifer mixing, identify source waters and determine the relative proportions of source waters (Dabous and Osmond, 2001; Herczeg et al., 1996; Osmond et al., 1974; Paces et al., 2002; Paces and Wurster, 2014; Rosenthal and Kronfeld, 1982) . Uranium isotope variations have also been used to determine groundwater flow rates by either the 234 U excess decay model (Guttman and Kronfeld, 1982; Henderson et al., 1999; Kronfeld et al., 1975; Kronfeld and Rosenthal, 1981) or alternatively, by determining the progressive augmentation by aquifer processes (Ivanovich et al., 1991; Schaffhauser et al., 2014) . Other groundwater studies found that U activities depended more upon the groundwater redox conditions (Andrews and Kay, 1983) , radioelement distribution from diverse vadose zone inputs and weathering conditions (Kronfeld et al., 2004; Méjean et al., 2016; Post et al., 2017; Tricca et al., 2001 ), extent of water-rock interactions (Andrews et al., 1982) and stabilisation by the formation of uranium complexes (Herczeg et al., 1988; Jurgens et al., 2010) . 234 U and 238 U activities can contain useful information about the flow system behaviour (Chkir et al., 2009; Dhaoui et al., 2016; Suksi et al., 2006) provided that the water-rock interactions are understood. The sequential extraction procedure developed by Yanase et al. (1991) can be used to determine the distribution of uranium isotopes in operationally defined mineral phases. Lowson et al. (1986) and more recently Payne et al. (2001) demonstrated that uranium lightly adsorbed to the aquifer sediments which was extracted during the Tamm's ammonium oxalate solution extraction step had a similar 234 U/ 238 U activity ratio to the associated groundwater. Dabous et al. (2002) using an analogous method for a granite aquifer reported a similar result, with uranium weakly adsorbed to the aquifer sediments having a similar 234 U/ 238 U activity ratio to the associated groundwater. Thus, by employing sequential extraction to study uranium distributions and isotope ratios in defined solid phases, there is the potential for significant new insights into uranium distributions and mobilisation mechanisms. Despite the potential artefacts these sequential extractions can cause the amount of information from a sequential extraction is much greater than from a total digestion assay (Filgueiras et al., 2002) . In particular, the mild leaching step may enable the estimation of the uranium in more mobile (accessible) phases which are in relatively short-term exchange with the groundwater. In contrast, the more resistant phases are unlikely to be accessible to the groundwater, and the net loss or enrichment of uranium in these phases is likely to be influenced by recoil fluxes. The present work explores the applicability of sequential extraction techniques in combination with groundwater data in studying these exchange and recoil processes. The Great Artesian Basin (GAB) and Arckaringa basin are regional groundwater resources in semi-arid central Australia important for agriculture, towns and mining (Habermehl, 1980; Keppel et al., 2015; Wohling et al., 2013) . It is important to understand connectivity between these groundwater basins and surface water catchments to determine potential risks to the system and to understand the processes affecting groundwater quantity and quality (Currell, 2014; Gleeson et al., 2012) . Based on hydrogeological and hydrochemical data Priestley et al. (2017b) identified inter-aquifer leakage in the centre of the study area and recharge to the GAB from ephemeral rivers and waterholes. It is hypothesised that identification of factors which affect uranium activity concentrations and ratios in the system, such as α-recoil, radioactive decay, and addition or removal due to changes in redox conditions will help support and possibly improve the interpretation of the groundwater flow, recharge, discharge and interaquifer connectivity interpretations outlined in Priestley et al. (2017b) . Therefore, the objective of this study was to investigate uranium isotope distributions and the processes that control them in groundwater in the south-western margin of the GAB and underlying Arckaringa Basin. As well as collecting and analysing water samples, a sequential extraction of mineral phases containing uranium isotopes was undertaken on sediments from a geological sequence that intersects two of the key aquifers of interest in order to characterise water-rock interactions. The extent to which these data can be used to characterise groundwater flow processes under these hydrogeological conditions will be discussed.
Study area
The GAB is one of the world's largest aquifer systems underlying 22% of the Australian continent (Fig. 1 inset) . The GAB is composed of Jurassic-Cretaceous sediments and the main aquifer, the J aquifer, comprises fluvial and marine sandstones (Gallagher and Lambeck, 1989; Love et al., 2013; Senior et al., 1978; Toupin et al., 1997; Wopfner et al., 1970) . The J aquifer underlies the Bulldog Shale, being confined throughout the eastern and north-western GAB, but unconfined in the south-western portion of the GAB (Freytag, 1966; Love et al., 2013) .
The Arckaringa Basin sits unconformably below the GAB and both are underlain by 'basement' that comprises Proterozoic-Archean crystalline metasedimentary and igneous rocks (Ambrose and Flint, 1980; Keppel et al., 2015; Townsend and Ludbrook, 1975; Wohling et al., 2013) . Sub-basins and troughs have been formed within the Arckaringa Basin by glacial scouring during the Devonian-Carboniferous periods and faulting during the Early Permian (Keppel et al., 2015; Toupin et al., 1997; Wohling et al., 2013) . The Arckaringa Basin consists of Carboniferous-Permian sediments with the Boorthanna Formation (Fm.), a marine and glacial sandstone, forming the main aquifer in the study area (Fig. 2 b) . The Mt Toondina Fm., a heterogeneous layered shale and sandstone formation lies directly below the J aquifer but is absent from most of the study area (Figs. 2 b and Fig. 3 ). The Stuart Range Fm., a mudstone/siltstone/shale aquitard, separates the J aquifer and Boorthanna Fm. throughout the majority of the study area (Figs. 2 b and Fig. 3 ).
There is substantially more hydrogeological information about the GAB than the Arckaringa Basin. This study focuses on the eastern portion of the Arckaringa Basin where the majority of groundwater wells have been drilled into the Boorthanna Fm. by the Prominent Hill mine for their operational and drinking water supplies ( Fig. 1 ; Wohling et al., 2013) .
The potentiometric surface inferred from the available groundwater wells by Priestley et al. (2017b) shows that groundwater flow in the Boorthanna Fm. is from the north-west toward the eastern margin of the basin (Fig. 2 b) . There is also some flow from the southern edge of the Arckaringa Basin north-east toward the regional discharge area. Groundwater flow in the J aquifer in the unconfined south-western margin of the GAB is from the west and south-west towards the groundwater springs and eastern margin of the Arckaringa Basin (Fig. 2  a) .
In this semi-arid part of central Australia, precipitation substantially varies temporally and spatially; the average annual precipitation rate is estimated to be 120 mm/yr and surface waters are ephemeral (Allan, 1990; McMahon et al., 2005) . Recharge occurs to the J aquifer via diffuse recharge through the Bulldog shale (< 0.25 mm/yr) and from ephemeral rivers and waterholes (Love et al., 2013; Priestley et al., 2017b) . Recharge to the Boorthanna Fm. is most likely via diffuse discharge from the J aquifer where the Stuart Range Fm. is thin or absent as there are few locations where the aquifer crops out (Keppel et al., 2015) . Both the J aquifer and Boorthanna Fm. converge in the discharge zone so groundwater discharges from the J aquifer into the Boorthanna Fm., and in addition there is potentially flow into the basement (Figs. 2 c and Fig. 3 ; Priestley et al., 2017b) . Additionally, there is evidence for inter-aquifer leakage from the J aquifer to the Boorthanna Fm. through the Stuart Range Fm. in the centre of the study area, as well as upward inter-aquifer leakage near the springs (Fig. 2 c ; Priestley et al., 2017b) . (Table 1) . As the half-life of 14 C is 5730 years (Godwin, 1962; Plummer and Glynn, 2013) (Bentley et al., 1986; Phillips, 2013) , so where there has been substantial decay of 36 Cl ( 36 Cl/Cl < 45 × 10
L 11, L 12, B 7 and B 9) groundwater residence times could be up to 100's ka. Differing groundwater age tracer values ( 36 Cl/Cl; Fig. 4 c) highlight the importance of mixing of different 'age' groundwater in the study area (Priestley et al., 2017b) . S.C. Priestley et al. Applied Geochemistry 98 (2018) 331-344 
Methods

Groundwater samples
Groundwater samples were collected from pastoral production wells as well as mining, monitoring and production wells within the GAB and Arckaringa Basin between November 2013 and May 2014. Wells were selected along a north-west to south-east transect along a groundwater flow path interpreted from potentiometric contours. Some targeted wells were excluded from sampling because the submersible pump was too large or the water recovery during pumping was too slow. The locations of the samples are shown in Fig. 2 c. Samples labelled U are from the J aquifer, L are from the Boorthanna Fm. and B are from the basement aquifers (Table 1) . Water samples were collected in rinsed containers after a minimum of three well volumes had been purged and when the field measured parameters (pH, electrical conductivity (EC), Reduction Potential (Eh) and temperature) had stabilised. Field parameters were measured using a calibrated YSI Professional Plus handheld multiparameter meter with ORP readings converted into Eh corrected to SHE (Standard Hydrogen Electrode). The samples were collected for a variety of chemical and isotope analyses including: anions (125 mL HDPE Bottle, 0.45 μm filtered), 14 C (1 L HDPE Bottle, unfiltered), 36 Cl/Cl (500 mL HDPE bottle, unfiltered), as well as uranium isotopes (5 L HDPE bottle, acidified to pH < 1 with HCl). Anion concentrations were measured by ion chromatography using method 4110 in APHA (1998) by the Analytical Services Unit, Commonwealth Scientific and Industrial Research Organisation (CSIRO). The coefficient of variance for these methods is < 5%.
14 C isotope ratios of Dissolved Inorganic Carbon (DIC) were analysed by accelerator mass spectrometry (AMS) by Rafter Radiocarbon Laboratory and precision is reported at 1 standard deviation of the mean (Stuiver and Polach, 1977) . 36 Cl/Cl analysis was completed using a combination of a high efficiency ion source, tandem acceleration and heavy-ion detection and identification techniques with a precision of ≤ 3% (Fifield et al., 2010) by the Department of Nuclear Physics at the Australian National University (ANU). 234 U and 238 U were analysed by alpha spectrometry in the Radioanalytical Chemistry Laboratory, Australian Nuclear Science and Technology Organisation (ANSTO). The procedures were based on standard radiochemical techniques described in Harrison et al. (2011) . After addition of a 232 U radiotracer spike to each groundwater sample, Fe (III) solution was added to the solution, and then the pH was adjusted to 8 to precipitate iron hydroxide. The iron hydroxide precipitate was separated from the solution, then redissolved in 3M HNO 3 and loaded onto stacked TEVA ® and TRU ® prepacked ion exchange chromatography resins. Uranium was retained on TRU ® Resin and was eluted using 0.1 M ammonium bioxalate. The separated uranium solutions had cerium carrier and HF added to produce cerium fluoride micro-precipitate alpha sources for measurement using alpha spectrometry with uncertainties reported in Table 1 . Similarly to Carvalho and Oliveira (2009) uranium concentrations were calculated from the alpha spectrometry results using the specific activity of 238 U and corrected for the presence of 235 U. For verification purposes, uranium concentrations were also measured by ICP-MS in the ANSTO Analytical Chemistry Laboratory using Method VI 2809 with quantification limits between 1 and 10 ppb.
Core samples
A core through the basins located next to wells U 11 and L 11 (Fig. 2  c) was drilled using a HQ diamond drill bit (60 mm inner diameter, 95 mm outer diameter) and mud rotary methods to 110.4 m below ground surface in March 2015. This core was selected for this study because the top section traverses the J aquifer, and the bottom section intersects the Boorthanna Formation. The intervening section traverses the Stuart Range Formation aquitard that separates the two key aquifers of interest to our study (Kleinig et al., 2015; Priestley et al., 2017a) .
The top section of the core samples (0-17.8 m) comprise dark greybrown, silty clay with trace sand sequences of the Bulldog Shale aquitard, the subsequent samples comprised medium-to-coarse-grained sand sequences of the J aquifer (17.8-46.6 m). The succeeding samples comprise variable grey and brown consolidated claystone samples with thin (< 50 mm) sandstone interbeds and gradational sequences of the Stuart Range Fm. aquitard (46.6-104.0 m) and the bottom samples (104-110.4 m) intersected the Boorthanna Formation which comprised grey sandstone with poorly sorted sand with a moderate percentage of clay.
Core samples for sequential extraction and XRD analysis were vacuum-sealed in two Polyethylene bags in the field during drilling. Quantitative XRD analysis of milled, calcium saturated core samples for mineral phase identification was undertaken by the Mineralogical Services laboratory using a with a PANalytical X'Pert Pro Multi-purpose Diffractometer at CSIRO Land and Water using Method AS 1289 .6.7.3-1999 (Standards Australia, 1999 . Quantitative analysis was performed on the XRD data using the commercial package SIRO-QUANT from Sietronics Pty Ltd.
The sequential extraction procedure was used to determine the distribution of uranium in three operationally defined phases of core samples (Yanase et al., 1991) : (i) adsorbed elements, carbonate minerals and amorphous iron minerals were extracted using Tamm's ammonium oxalate solution; (ii) crystalline iron minerals, clay and some refractory minerals were extracted using 6M HCl; (iii) all remaining resistate minerals were extracted by fusion. Yanase et al. (1991) outlined the extraction specifications for both the Tamm's ammonium oxalate solution and 6M HCl. The fusion extraction procedure is outlined in IAEA (2009). Once the extraction solution was separated from remaining sediment, the separation and measurement of 234 U and 238 U was the same as for groundwater samples.
Results
Uranium isotopes in groundwater
There are large variations in solute uranium concentrations and element ratios in the groundwater sampled throughout the western margin of the GAB ( (Fig. 4 a and b) , and the values do not display any regional trend. There is also no obvious relationship between 238 U activity concentration and distance along the generalised groundwater flow path (Fig. 5 a) . There is a relationship between 238 U activity concentration and depth (Fig. 5 b) . All of the wells with an average depth below the water table, or top of potentiometric surface where confined, greater than 60 m have low 238 U activity concentrations (less than 2.5 mBq/kg), whereas the wells with shallower depth below water table (< 60 m) have 238 U activity concentrations ranging from 0.2 up to 235 mBq/kg (Fig. 5 b) . Some of the higher total uranium activity concentrations (U 5 and U 7; (Fig. 5 g) . The EC measurements range S.C. Priestley et al. Applied Geochemistry 98 (2018) 331-344 (caption on next page) S.C. Priestley et al. Applied Geochemistry 98 (2018) 331-344 from 1 to 120 mS/cm, so the groundwater in the region ranges from fresh to brine. The highest 238 U activity concentrations (8-235 mBq/kg) are generally in the brackish to fresh groundwater samples (EC between 1 and 34 mS/cm); except for B 16, which is classified as brine (EC of 78 mS/cm; Fig. 5 d) . The 234 U/ 238 U activity ratios are all > 1 (Fig. 5 i) . The 234 U/ 238 U activity ratios were most elevated (> 5) in groundwater samples with low 238 U activity concentrations (< 3 mBq/kg), whilst those with higher 238 U activity concentrations had 234 U/ 238 U activity ratios < 4 (Fig. 6 a) . The J aquifer has more variable 238 U activity concentrations and the majority of the 234 U/ 238 U activity ratios are close to secular equilibrium with 234 U/ 238 U activity ratios < 2.5, except for U 1 and U 6, which have slightly higher 234 U/ 238 U activity ratios of 4.3 and 3.6, respectively (Fig. 6 a) . 234 U/ 238 U activity ratios are generally higher (> 2.5) in the Boorthanna Fm. and basement samples, even in those samples that have higher 238 U activity concentrations (L 2, L 8 and B
16; Fig. 6 a) . Most of the higher 234 U/ 238 U activity ratios are in water samples with Eh < 100 mV, except for L 10 and L 12 which have 234 U/ 238 U activity ratios between 12 and 13.6 but are also more oxidising (Eh measurements of 368 mV and 342 mV, respectively; Fig. 6 b) . Generally, the 234 U/ 238 U activity ratios increase in deeper samples, although the deepest sample L 3 has a relatively small 234 U/ 238 U activity ratio of 2 (Fig. 6 c) that is unlikely to be representative of the groundwater in the lower aquifer at this location, also noted in Priestley et al. (2017b) .
Sequential extraction results
The uranium results from the sequential extraction procedure are presented in Table 2 and Fig. 7 . The 238 U activity concentration in the phases separated by the sequential extractions range from 2.7 to 25 Bq/ kg (Fig. 7 a) . The activity concentration in the Tamm's ammonium oxalate extraction (operationally defined as adsorbed trace material, carbonate minerals and amorphous iron minerals which are exchangeable with groundwater; Lowson et al., 1986 ) and the 6M HCl extraction (operationally defined as crystalline iron minerals, clay and some refractory minerals) contain overall less 238 U compared to the fusion extraction (remaining resistive minerals), although there is some scatter and overlap (Fig. 7 a) . The resistate 238 U activity concentrations are relatively constant with an average value of 14 Bq/kg (6.0-19 Bq/ kg; Table 1 ). The Tamm's ammonium oxalate extraction and 6M HCl extractions have average values of 9.4 Bq/kg (3.3-25 Bq/kg) and 8 Bq/ kg (2.7-15 Bq/kg), respectively ( Table 2) . The 234 U/ 238 U activity ratios range from 0.65 to 2.46 and a number of samples were close to equilibrium for all extractions (Table 2) . At shallower depths (35-47 m) the Tamm's ammonium oxalate extraction 234 U/ 238 U activity ratios are less than 1, whereas the fusion extraction 234 U/ 238 U activity ratios are greater than 1 (Fig. 7 b) . Throughout the rest of the profile the fusion extraction and 6M HCl extraction 234 U/ 238 U activity ratios are less than 1, and the Tamm's ammonium oxalate extraction 234 U/ 238 U activity ratios are greater than 1 (Fig. 7 b) . Deeper in the profile (> 99 m) there is a notable increase in the 234 U/ 238 U activity ratios in the Tamm's ammonium oxalate extraction (1.3-2.5; Table 2 ). Quantitative XRD analysis results of a sample from each of the J Fig. 5. (a) 238 U activity concentration plotted on log scale against the distance to the discharge area (Fig. 2 c) Table 3 for the micronised, calcium saturated bulk sample.
Discussion
Geochemistry of uranium isotopes
Osmond et al. (1974) , Andrews and Kay (1982) and others associated high 238 U activities and 234 U/ 238 U activity ratios near secular equilibrium with groundwater passing through the recharge zone (Fig. 6 b) . However, there is no correlation between high 238 U activity concentration and high Eh (Fig. 5 c) , nor are the 'young' groundwaters ( 14 C DIC > 40 pMC) correlated with high 238 U activity concentrations (Fig. 5 g) . It is thus clear that recharging oxidised groundwater leaching uranium isotopes from minerals in secular equilibrium cannot be the only process controlling the uranium activity concentrations and 234 U/ 238 U activity ratios. Osmond et al. (1974) and Andrews and Kay (1982) also noted that as groundwater moves through the aquifer and becomes reducing the uranium concentrations decrease abruptly and the 234 U/ 238 U activity ratios begin to increase. There is a slight trend of 234 U/ 238 U activity ratios being higher (> 3) in the more reducing groundwater (Fig. 6 b) . Additionally, the 234 U/ 238 U activity ratios are higher (> 5) in the deeper groundwater samples (depth below water table > 50 m; Fig. 6 c). However, there is no correlation between lower 238 U activity concentrations and decreasing Eh; both high and low 238 U activity concentrations are found throughout the range of Eh measurements (Fig. 5  c) .
Other studies have identified that uranium solubility can be enhanced by the formation of complexes (Gascoyne, 1992; Langmuir, 1978) , most commonly with carbonate (Andrews and Kay, 1982) or chloride (Herczeg et al., 1988 (Table 1) . However, there is not a strong relationship between the 238 U activity concentration and alkalinity, or CO 3 2-activity from PHREEQC speciation modelling (Table 1 ; Fig. 5 f and j) . Nevertheless, those samples with high 238 U activity concentrations appear to be from the groundwaters with higher alkalinity (as HCO 3 -; Fig. 5 f) . High alkalinity can limit the adsorption of uranium (Jurgens et al., 2010) , therefore, where the uranium is available to be dissolved in groundwater, the carbonate species are promoting uranium solubility.
Considering that leaching of uranium isotopes from minerals in the vadose zone by recharging oxidised groundwater does not produce systematic uranium concentration variations, it is possible that there is not a uniform uranium source throughout the vadose zone. Tricca et al. (2001) and Kronfeld et al. (2004) found that uranium distributions are predominantly influenced by weathering conditions which form diverse vadose zone inputs. Varying recharge rates and hence movement of groundwater through the vadose zone in the study area may cause different weathering conditions and uranium availability. Sample U 7 with the highest uranium concentration (236 mBq/kg) and the 'youngest' groundwater age ( 14 C > 40 pMC and 36 Cl/Cl > 45 × 10 −15 ) probably recharged from a nearby waterhole (Priestley et al., 2017b) and is discussed further below. Samples U 3 and U 4 also have young groundwater ages ( 14 C > 40 pMC) but have low uranium concentrations (< 10 mBq/kg) possibly due to recharge through rocks that have been extensively leached or contained low pre-existing uranium. Samples U 5, U 11 and U 13 which have high uranium concentrations (> 100 mBq/kg) are 'older' indicating little recharge at these well locations ( 14 C < 10 pMC). It is possible that these waters leached uranium from rocks with elevated uranium, and being slightly oxidising (Eh > 100 mV) and containing bicarbonate, dissolved uranium remains in solution. Some of the unconfined deeper aquifer samples have elevated uranium concentrations (L 8, L 2 and B 16; between 45 and 73 mBq/kg). These samples also have slightly elevated 234 U/ 238 U activity ratios (3-3.5) so it is likely that these locations receive some recharge that leaches available uranium from the rocks that then mixes with older groundwater with higher 234 U/ 238 U activity ratios. Indeed Priestley et al. (2017b) found evidence for mixing at these locations based on other environmental tracers. The general increase of the 234 U/ 238 U activity ratios with depth ( Fig. 6 c) can be due to addition of 234 U relative to 238 U due to α-recoil (Gascoyne, 1992; Cowart, 1976, 1992; Porcelli and Swarzenski, 2003) . However, dissolution of uranium bearing precipitates or desorption from mineral surfaces with high 234 U/ 238 U activity ratios can also cause high 234 U/ 238 U activity ratios in groundwater. Dabous et al. (2002) found that uranium lightly adsorbed to a granite aquifer had a similar 234 U/ 238 U activity ratio to the local groundwater and was, therefore, the source of uranium to the associated groundwater. The Tamm's ammonium oxalate extraction of adsorbed elements, carbonate minerals and amorphous iron minerals operationally defined by Yanase et al. (1991) should indicate the uranium isotopes that are more accessible to groundwater (Payne et al., 2001) , although their availability will depend on the geochemical environment and degree of saturation of different minerals in this extraction.
The relatively constant resistate 238 U activity concentrations (Fig. 7 a) may indicate that the aquifers contain a fairly uniform controlling mineralogy. The 238 U activity concentrations in the Tamm's ammonium oxalate extractable phase are much higher in the shallow samples (Fig. 7 a) , and it is likely that the uranium is associated with coating phases, such as the fine-grained amorphous iron and clay phases (Table 3 ). The physical position of the 238 U parent in the coating phases makes it likely for the 234 U daughter to be recoiled into the resistate phase which being isolated from groundwater leads to enrichment of 234 U in these phases (Rosholt, 1983; Sheng and Kuroda, 1984; Yanase et al., 1991) . Therefore, it is plausible that at the top of the profile (35-47 m) the 234 U/ 238 U activity ratios greater than 1 in the resistate phase and low 234 U/ 238 U ratios (< 1) in the Tamm's ammonium oxalate extractable phase (Fig. 7b) are caused by decay of 238 U in these uranium-rich coatings and recoil of 234 U into adjacent relatively uraniumpoor resistant phases. At greater depths (> 47 m), the 234 U/ 238 U activity ratio is depleted in the resistate ( 234 U/ 238 U activity ratios = 0.8; Table 2 ) most likely due to α-recoil loss of 234 U from the resistate phase.
At these depths, there is less 238 U in groundwater and coating phases (Fig. 7 a) , thus it appears that the relative recoil flux of 234 U is out of the resistate into the coating phases and possibly the groundwater. The increase in the 234 U/ 238 U activity ratio in the deeper samples of the Tamm's acid oxalate extraction phases follows the higher ratio in groundwater from the Boorthanna Fm. compared with the J aquifer (Fig. 7 b) . Both aquifers exhibit groundwater 234 U/ 238 U activity ratios that are higher than that of the sediments they are passing through. Therefore, it is not possible that dissolution and/or exchange with the groundwater accessible minerals in the aquifer can be the dominant source of the high 234 U/ 238 U activity ratios. Instead, it is considered more likely that the higher 234 U/ 238 U activity ratios in the groundwater are controlled by α-recoil of 234 U into solution consistent with conclusions from previous studies (Guttman and Kronfeld, 1982; Henderson et al., 1999; Suksi et al., 2006) . It is interesting to note that the 234 U/ 238 U activity ratios in the Tamm's acid oxalate extraction for Boorthanna Fm. core samples are higher than the remaining samples (Fig. 7 b) . It is possible that in these groundwater accessible minerals 234 U/ 238 U activity ratios are elevated due to precipitation or exchange with the high 234 U/ 238 U activity ratio of uranium in the groundwater.
However, individual groundwater accessible phases could exert a larger effect than others in certain geochemical conditions which is not discernible from the Tamm's acid oxalate extraction alone. Aquifer sediment samples from other locations are required to conclusively demonstrate that there are not high 234 U/ 238 U activity ratios in the groundwater accessible minerals in other parts of the deeper aquifers.
Where 234 U/ 238 U activity ratios in groundwaters are solely due to α-recoil, the degree of excess 234 U increases with residence time (Guttman and Kronfeld, 1982; Henderson et al., 1999; Kronfeld and Rosenthal, 1981) . There is a general relationship between the uranium isotope variations and 14 C in the Boorthanna Fm. and basement samples: the 234 U/ 238 U activity ratios are relatively low (< 3) in the younger groundwaters ( 14 C > 20 pMC) and higher 234 U/ 238 U activity ratios up to 27 are found in older groundwater ( 14 C < 20 pMC; Fig. 6 d) . Suksi et al. (2006) found that groundwater flow rate has a marked effect on the resulting 234 U/ 238 U activity ratio; direct α-recoil of 234 U into strongly flowing groundwater water is insignificant with respect to 234 U/ 238 U activity ratio variation. Therefore, the higher 234 U/ 238 U activity ratios in some locations in the Boorthanna Fm. and basement may indicate that the groundwater flow rates are slow, possibly even semistagnant in some locations. The lack of a relationship between groundwater age and 234 U/ 238 U activity ratios in the J aquifer could mean that flow rates are higher in this part of the system.
Uranium isotopes as an indicator of groundwater flow
Uranium isotope distributions in the groundwater basins are dependent on uranium availability, mobility and the geochemical environment, all of which appear to be spatially variable across the study area. Dhaoui et al. (2016) found uranium isotope distributions to be controlled by groundwater mixing as well as α-recoil of 234 U and waterrock interactions in the Continental Intercalaire aquifer, Tunisia. Priestley et al. (2017b) identified groundwater leakage from the J aquifer into the Boorthanna Fm. at a number of locations throughout the basin and it is likely that this, as well as recharge to the system from ephemeral rivers and waterholes, would also affect the uranium isotope distributions. Intermittent recharge over long time periods from ephemeral rivers at sites U 3 and U 4 (Priestley et al., 2017b ) is likely to occur through rocks that have already undergone extensive weathering and contain low 238 U activity concentrations and 234 U/ 238 U activity ratios. Recharge to U 7 from a nearby waterhole (Priestley et al., 2017b) (Priestley et al., 2017b) . The slightly oxidising groundwaters at these locations contain carbonate that complexes with and stabilises uranium keeping it in solution. This uranium derives from vadose zone minerals elsewhere, as there is little to no recharge at the sample locations, or the geochemical environment is favourable to uranium being leached from rocks along the flow path with high uranium concentrations near secular equilibrium. Sample U 9 contains slightly elevated 238 U activity concentrations and 234 U/ 238 U activity ratios and Priestley et al. (2017b) identified this as a location that receives some recharge from ephemeral rivers. Mixing of recharging groundwater with elevated 238 U activity concentrations and groundwater in the aquifer with elevated 234 U/ 238 U activity ratios from α-recoil of 234 U would result in the uranium isotope distribution at this location. Generally, the lower aquifers contain low 238 U activity concentrations because the uranium has been precipitated as groundwater moves through the aquifer (Andrews and Kay, 1982; Osmond et al., 1974) 7 (27) . This the final sample along the Boorthanna Fm. and basement groundwater flow path before the Stuart Range Fm. aquitard pinches out and it therefore seems very likely that 234 U has been continuously added by α-recoil along the confined groundwater flow path increasing the groundwater 234 U/ 238 U activity ratio.
Environmental health implications
Sites U 5, U 7, U 11 and U 13 with high 238 U activity concentrations have total uranium concentrations that approach or exceed Australian drinking water regulations of 17 μg/L (NHMRC and NRMMC, 2011), as well as the 15 μg/L limit recommended by the World Health Organisation (WHO, 2004) . These basins are within pastoral lands and the J aquifer is a source of drinking water for cattle (Habermehl, 1980) . These samples are from the J aquifer and are spread throughout the basin which makes it difficult to delineate the zone with high uranium activity concentrations which could contaminate the groundwater. The groundwater from the Boorthanna Fm. is used for drinking water and mine processing, though the high TDS means that the water is treated before being used as a drinking supply (Oz Minerals, 2013). As Priestley et al. (2017b) did not definitively detect inter-aquifer leakage via preferential flow paths from the J aquifer to the Boorthanna Fm. at these locations it would thus appear there is minimal risk of contaminating the Boorthanna Fm. groundwater, but these locations should continue to be monitored.
Conclusions
The objective of this study was to understand the processes that control uranium isotope distributions in groundwater in the southwestern margin of the GAB and underlying Arckaringa Basin. Identification of processes controlling uranium isotope distributions should assist in the interpretation of the groundwater flow, recharge, discharge and inter-aquifer connectivity interpretations outlined in Priestley et al. (2017b The uranium isotope distributions are due to rock weathering, the geochemical environment and α-recoil of daughter products, giving rise to a large spatial variability. The high spatial heterogeneity, and the lack of clear correlations, made it difficult to use uranium isotopes to conclusively identify recharge and inter-aquifer leakage locations. Although overall, the uranium isotope distributions were in line with earlier interpretations based on other tracers in Priestley et al. (2017b) .
